The potential effects of 'escape' of genetically modified material (transgenes) into natural communities is a major concern in their use. These effects may be limited in the first instance by limiting the proportion of transgene-carrying plants in the natural community. We previously presented an analytical model of the ecological processes governing the relative abundance and persistence of insect resistance (IR) transgenes in a natural community. In that paper, we illustrated the case in which the transgene is input into the community in a single season using data from oilseed rape (OSR) and its known herbivore, Plutella macropennis. We found that the transgene is unlikely to have a great impact on the natural community. Here, we extend the model for repeated input of crop pollen carrying the transgene. We show the model output, again using OSR, for continuous input of the transgene over 10 years, the projected commercial lifetime of a transgene without associated undesirable agronomic effects. Our results do not change our original conclusion that the IR transgene need not have a large impact on the natural community and our suggestions for assessing and mitigating any threat still stand.
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INTRODUCTION
The potential effects of 'escape' of genetically modified material (transgenes) into natural communities is a major concern in their use (Arnaud et al. 2003; GM Science Review Panel 2003) . These effects may be limited in the first instance by limiting the proportion of transgene-carrying plants in the natural community. In a previous paper, we presented an analytical model that investigates the regulatory effects of ecological processes in governing the relative abundance and persistence of insect resistance (IR) transgenes in a natural community . Although ecological interactions may be the most important driver predicting the spread of transgenes (Rieseberg & Burke 2001) , the focus till then had been primarily from a population genetics perspective, and our model was constructed in recognition of that dearth.
Our model incorporates natural year-to-year variation in herbivore numbers through a development of differential sensitivity (DS) storage dynamics (Kelly & Bowler 2002 . Storage dynamics focuses on the role of recruitment in population persistence and coexistence (Chesson & Warner 1981; Chesson 2003) . DS dynamics describe the interaction between competing species pairs, one of which is more sensitive to environmental fluctuations than the other and unable to recruit when the environment is unfavourable. During more favourable periods, the more sensitive species is able to recruit through outcompeting the less-sensitive species. For the spread of an IR transgene, the relevant environmental factor is herbivory, with its pattern of year-toyear fluctuation. After illustrating the application of our model using oilseed rape (OSR), we concluded that IR transgenes might be maintained at low levels unlikely to have a great impact on the natural environment if possession of the transgene carries even a relatively small cost. A potential cost might be a stimulation by the transgene of protein-production in order to enhance insect-resistance properties, accompanied by a lower growth rate in the seedling (cf. Kelly & Hanley 2005) .
In our original model, we examined population evolution after a single episode of IR transgene input into the wild-type population had occurred. Such a situation might arise when the associated agronomic traits are undesirable and the transgenic crop is only planted when it is known that the coming year will bring heavy herbivore loads. The previous version of our model is also applicable to instances of naturally occurring mutations that affect plant-defence properties or in the introduction of an herbivore-resistant invader species that may interbreed with its native competitor. Here, we offer a variation of our model that determines the consequences of multiple instances of gene flow. The variation may be applied to either a continuous or an intermittent but repeated period of use of the transgene. We show the results of a potential of 10-year commercial lifetime such as might be possible for an agronomically more benign transgene. We again use OSR as an example because of the accessibility of suitable data, but the model is of much more general use, being applicable to any system involving annual plants with a seed bank and fluctuating pest levels.
THE MODEL
For the population under natural conditions, the number of seeds in the seed bank in year tC1, x C , is the sum of the number remaining L and the number recruited R
ð2:1Þ
where L has the form (1KK )x and where K is the long-term rate at which seeds are lost from the seed bank. 
where 3 is the probability of successful pollination by pollen arriving from outside the community. Eqns (2.3) of , which describe the evolution with time of the density of seeds x i of variety i, then become for any value of the fraction of external pollination 3; for 3Z0, eqns (2.3) of are of course recovered. The external input 3 can be a function of time; we have simply switched on a fixed value at a time tZ0, when x wg Zx gg Z0, and switched it off again T years later, when the field is no longer sown with this particular modification.
Eqns (2.5) of 
where
Y Ã is the ratio of seed yields Y =Y ww , a Ã the relative advantage of the transformed over the untransformed type and h Ã the ratio of pollen production h=h ww . If 3/0, eqns (2.5) of are recovered.
Equations (2.3) and (2.4) can be evolved from an initial situation in which only the ww variety is present and it becomes evident that in the early stages (z ww z1) x C wg Kx wg z3Y ww ; since the initial density of adult plants of variety ww is unity, Y ww seeds are produced per site and of these a fraction 3 are wg seeds. After n early steps x wg zn3Y ww :
Similarly the scaled variable z wg obeys
As expected, x wg and z wg increase linearly with time early on. x gg and z gg will be negligible until the wg variety has built up-we are only allowing g pollen into the environment, not gg crop seed. Advantage values are calculated as the ratio of seed set of oilseed rape with and without protection from herbivory. For both (a) and (b) we assume no disadvantage to the IR allele when herbivory is low (Stewart et al. 1997; Brown et al. 1999) .
MODEL OUTPUT
(c-e) Effects of differing levels of cost to carrying IR alleles when herbivory is low, projected for non-crop species. Here, the IR advantage at high levels of herbivory is assumed to be 1.2, i.e. at high herbivory, the wild-type plant produces 80% the number of seeds per seed sown as individuals carrying the IR allele. In all cases, K ww ZKZ0.3 (KZlong-term rate at which seeds are lost from the seed bank; Roberts & Boddrell 1983).
Transgene risk assessment C. K. Kelly and others 295 from the seed bank K is equal to 0.3 (30% per year), the seed yield per adult Y i is equal for wild and transgene types and the probability of successful pollination from an external g pollen source is 3%, then z wg z10 K2 t (only about one-third of seeds in the bank are the latest crop). If the external g pollen source were removed after 10 years, about 10% of plants in the wild would be the wg variety. Once the g pollen source is removed, the considerations discussed in take over and the progress of the transgene would follow the trajectory mapped in fig. 1 and table 2 of the earlier study.
However, the rate of g pollen input-whether low or high-can become irrelevant very rapidly. If the modified allele has an overwhelming advantage or suffers no disadvantage, then it will take over the wild-type population (figure 1a) rather quickly from a very low level. Where neither of these conditions hold, the results from various levels of continuous g pollen input do not differ greatly from those inferred starting from a single injection (reading across figure 1 ). In general, it is not the pattern of pollen injection that determines whether untransformed plants can be maintained at a high level (above 75%; reading from right to left in figure 1c and d ) , but rather the differences in costs incurred by the transgene in the background of the natural genome (compare figure 1d with e, with costs equal to 10 and 1%, respectively). If the IR advantage at high levels of herbivory is 1.2, then a disadvantage of 0.8 at low levels means no cause for concern, 0.9 is marginal and 0.99 should be avoided.
DISCUSSION
We observe that continuous input of the transgene into the wild population over a realistic period of time does not produce a hugely different result to singleseason input of the transgene. Thus, we are left with much the same conclusion as that we reached in our previous study: the effects of IR transgenes need not pose an immediate threat to natural communities. Transgene-carrying plants can be restricted to a low proportion of the natural population provided that there is some suitable level of 'cost' associated with the transgene-which can be assessed with the methods discussed in . Persistently low levels of transformed plants will limit or eliminate potential 'knock-on effects' to other parts of the natural community such as herbivores and their predators and parasites.
The possibility that as much as 10% of the pollination will be derived from sources outside the natural population (figure 1, central column) is likely to be extreme. Studies of pollen movement in OSR indicates such movement levels to be unlikely (Cresswell et al. 2002 Cresswell & Osborne 2004) . Moreover, such pollen may be less effective than the wild-type pollen and even when effective, may produce offspring capable of producing fewer seeds than the pure wild-type (Hauser et al. 1998; Pertl et al. 2002) . We have chosen 10 years as the possible commercial lifetime of an OSR transgene although it is not unlikely that it will be less ( J . Durkin 2005, personal communication) .
Nonetheless, we do not propose that our model can be used as a justification for the release of untested IR transgenes. Rather, our model is intended as a tool for more efficient investigation of the potential risk to natural communities from the effects of individual transgenes. The modification of our model here presented offers a way to examine the effect of differing use of regimes, and it is possible to use our model to specify the length of a continuous input regime as well as a use regime that varies over time in its input into the natural community.
Although we have used a lepidopteran herbivore to illustrate our model, our model may be applied in risk assessment and mitigation for any sort of foliagedamaging system. Furthermore, with minor modifications, it may also be applied to risk assessment/ mitigation for seed predators, for pathogens or for other soil-borne agents of plant damage .
